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Abstract. Crosstalk and especially far-end crosstalk 
(FEXT) represents the most serious source of disturbance 
in today’s digital transmission systems. It mostly limits the 
information capacity of current xDSL digital subscriber 
lines and also of local data networks with unshielded and 
or shielded twisted pairs (UTP/STP). The elimination of 
FEXT will require the implementation of advanced 
methods for its modeling to obtain required predictions of 
crosstalk behavior in a cable. The standard simple FEXT 
model and ITU-T FEXT model are not very accurate and 
do not provide realistic results. That is why a new method 
for modeling of FEXT was developed and is presented in 
this paper. The results of the model are also compared with 
measured characteristics for a typical UTP cable and 
several other cables. The proposed advanced FEXT model 
with minor modifications is applicable for any metallic 
cable to provide accurate and realistic FEXT 
characteristics. 
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1. Introduction 
The present access telecommunication networks still 
consist mostly of metallic pairs and cables, which are 
effectively used for high-speed digital transmission sys-
tems, such as digital subscriber lines (xDSL) and Ethernet 
in the first mile conception (EFM) [1], [2]. The major 
problem, which appears in large metallic infrastructure, is 
crosstalk between the digital systems operating within the 
same metallic cable. The influence of near-end crosstalk 
(NEXT) can be partially eliminated by frequency duplex 
method, but the elimination of far-end crosstalk (FEXT) is 
more complicated [3]. One of the most promising solutions 
for FEXT cancellation is Vectored Discrete Multi-tone 
modulation (VDMT) [4]. The implementation of advanced 
modulation techniques, such as VDMT modulation, usually 
requires accurate and realistic simulations and estimations 
of transmission parameters and FEXT transmission char-
acteristics in each situation [5]. That is why a new 
advanced method of FEXT modeling is necessary to imple-
ment. The present standard FEXT model [5] comes only 
from the averaged crosstalk values for the whole cable and 
it uses only one crosstalk parameter given for the whole 
cable [6]. It is obvious that such model cannot be very 
accurate and that it provides only approximate and not very 
realistic results, as it was presented in [6]. The similar 
problem represents the FEXT model presented in ITU-T 
G.993.5 [8]. The model provides only estimations of FEXT 
characteristics and its accuracy is not sufficient for the 
implementation of VDMT modulation.  
This paper presents a new innovative method of 
FEXT modeling based on the conclusions given by exten-
sive measurements performed for a standard unshielded 
twisted UTP cable and several other metallic cables with 
different internal structure and parameters. All measured 
cables are typical examples obtained directly from cables’ 
manufactures. The main idea is the implementation of 
harmonic functions with arguments equal to the ratio given 
by the length of a cable and the wavelength of a propagat-
ing signal to simulate the dips and peaks in the frequency 
characteristic of FEXT in real metallic cable. This should 
improve the accuracy of a model and should provide more 
realistic results. The results of the proposed model were 
also verified for other metallic cables with various internal 
arrangements and parameters.  
2. Standard Simple FEXT Model 
The standard model for FEXT crosstalk between 
twisted pairs or quads in a cable comes from the derivation 
of interactions between them and it results in the elemen-
tary formula [5], which can be expressed as: 
 2 22FEXT FEXT( ) ( )H f K f l H f     (1) 
where |HFEXT(f)|2 represents the transmission function of 
FEXT between two pairs, |H(f)|2 is the transmission func-
tion of a pair, l is a length of pairs, f is a frequency and 
KFEXT is a crosstalk parameter (a constant for the given 
combination of pairs). This parameter presents the rate of 
crosstalk between selected pairs and it is generally different 
(unique) for all combinations. In [5] and [6] it is shown 
that this parameter depends on the mutual position of the 
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disturbing and disturbed pairs in a metallic cable. How-
ever, for most applications only one mean value is usually 
given for the whole cable. It is obvious that this model with 
only one parameter cannot be very accurate and that it 
provides only approximate results, as will be presented in 
next figures. 
The ITU-T model, presented in a recommendation 
G.993.5 [8], is based on the mathematical derivation of 
crosstalk couplings between symmetrical pairs in a cable 
and it also uses pseudorandom values of phase characteris-
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               (2) 
where |HFEXT(f,d)| stands for a FEXT voltage transfer func-
tion for frequency f in Hz and FEXT coupling length d in 
m. XTk(i) in dB represents the FEXT sample at f=fFXT and 
d=dFXT,  is a propagation constant of a line and k(i) in 
rad/m is a uniformly distributed random variable over  
[0, 2]. Variables k, i are, according to ITU-T G.993.5 
recommendation, randomly distributed variables, where k 
is between 1 and 3 and i between 1 and 5 or 1 and 20 re-
spectively. Although the model uses randomly distributed 
variable, it still does not provide very realistic and accurate 
results. 
The accuracy of these results can be sufficient for 
some specific applications (for example, summarization of 
many contributions), but these simple models are not very 
useful for the precise modeling of perspective VDSL2 lines 
or EFM. That is why a new modeling method was pro-
posed. To express the attenuation of FEXT in dB, which is 
more typical, the logarithm of the formulas (1) and (2) is 
used. 
3. Measurements and Initial 
Conclusions 
First, extensive measurements of real metallic cable 
were performed to obtain necessary results for further 
conclusions. The measurements were performed for a stan-
dard UTP cat. 5e metallic cable according to the ANSI/ 
TIA/EIA-568-A standard (manufacturer: Perfect Signals, 
LLC) using Rohde&Schwarz Vector Network Analyzer in 
a frequency band from 100 kHz to 100 MHz. North Hill’s 
balun transformers with impedance ratio 50/100  were 
used for proper termination and coupling of a cable. The 
cable was placed and measured in a laboratory (open 
space) and was arranged in a straight line. The original 
length of a cable was 264.5 m and after measuring the 
attenuation of all pairs and FEXT attenuation between all 
combinations of pairs (4 attenuations, 6 FEXT attenua-
tions), 1 m of a cable was cut and the measurements were 
performed again. In this way with the step of 1 m, the 
measurements were repeated until the remain of a cable 
was only 15.5 m long. Because FEXT crosstalk depends on 
a length of a cable, it was necessary to perform its recalcu-
lation for a reference length according to a formula (3) to 
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where AFEXT(f)ref is the FEXT attenuation for reference 
length of a cable lref, AFEXT(f) is the FEXT attenuation for 
a cable with measured length l and A(f) is the attenuation of 
the measured pair. Crosstalk parameter was individually 
calculated to compare measured results with simple FEXT 
models (1), (2). Fig. 1, 2 and 3 illustrate measured charac-
teristics, simple FEXT model (1) and ITU-T model (2) for 
different lengths of a UTP cable. 
 
Fig. 1. Measured FEXT attenuation and both FEXT models 
for a UTP cable with length 259.5 m recalculated to 
a ref. length 264.5 m. 
 
Fig. 2. Measured FEXT attenuation, simple FEXT model and 
ITU-T model for a UTP cable with length 171.5 m 
recalculated to a ref. length 264.5 m. 
 
Fig. 3. Measured FEXT attenuation, simple FEXT model and 
ITU-T model for a UTP cable with length 83.5 m 
recalculated to a ref. length 264.5 m. 
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From characteristics in figures above it is evident that 
the simple standard FEXT model and ITU-T model provide 
only approximate FEXT estimations without its typical 
wavy character, therefore the results of these models are 
not very realistic. The second important conclusion comes 
from the character of these dips and peaks in measured 
FEXT characteristics. It is obvious that the wavy character 
is not entirely pseudorandom, but the period of the peaks 
and dips is different for various lengths of a cable. It can be 
concluded that this period of dips and peaks depends on the 
ratio given by the length of a cable l and the wavelength  
of a propagating signal. While for the length of a cable 
259.5 m the FEXT characteristic has plenty of sharp peaks 
and dips, the same FEXT characteristic for the length of 
a cable 171.5 m is smoother (the peaks and dips are not so 
intensive) and the FEXT characteristic for the length of 
a cable 83.5 m is almost completely flat with only limited 
number of wide and low curls. The same character of 
FEXT attenuation was observed for all other pairs and 
lengths of a cable during the measurements. There are 
probably also other effects, which could further influence 
this character – e.g. the accuracy of terminating imped-
ances of both pairs, the ratio of twisting diameter of both 
pairs, etc., but the context between length l of a cable and 
wavelength  of a propagating signal is evident. 
The wavelength (f) of propagating signal could be 
calculated using a velocity of light in a vacuum, frequency 
and r, which is a relative permittivity of material used for 







   . (4) 
These conclusions were also compared with the ones 
in [7] and [9]. 
4. Accurate and Realistic FEXT Model 
Based on the previous conclusions and measurements, 
the improvement of standard simple FEXT model (1) is 
proposed. The main idea is implementing cosine harmonic 
functions (either sine or cosine could be used) with argu-
ments equal to the ratio given by the length of a cable l and 
the wavelength of a propagating signal . To maintain the 
mean value of both cosines nearly zero, one of them must 
be positive and the other negative with the same amplitude. 
While the amplitude of a cosine is equal from -1 to +1, the 
constant KNORM for their scaling must be provided. The 
value of this constant depends on a twisting ratio of sym-
metrical pairs, their diameters and resistivity. The summary 
value of these cosines with the rest of the standard FEXT 
model could be also negative; therefore the absolute value 
should be used. The wavelength (f) is calculated using 
formula (4).  
The resulting advanced FEXT model with all 
previous conclusions and mathematical notation can be 
described: 
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Using previously presented advanced FEXT model 
(5) and measured results for UTP cable, several compari-
sons between the advanced model and measured charac-
teristics for different lengths of a UTP cable were made 
and are presented in following Fig. 4, 5 and 6. 
The proposed FEXT model was also verified for other 
typical metallic cables for access networks with various 
internal structures, core diameters and lengths. These 
measurements were performed thanks to the cooperation 
with manufacturers – Pražská Kabelovna (Prakab), s. r. o. 
and Elkond HHK, a. s. The purpose was to verify the 
validity of the proposed model for cables with various 
different lengths and also in different frequency bands. All 
cables were placed and measured in a laboratory (open 
space) and were again arranged in straight lines. The first 
measurement was performed for cable PEPKFH 30x2x0.5 
(manufacturer: Elkond HHK, a. s.) with the length of 
502 m in a frequency band to 30 MHz to verify the validity 
of proposed model for a cable with different length and in 
different frequency band compared to the previously pre 
sented measurements of UTP cable, an example of results 
is presented in Fig. 7. The next examples of results were 
again obtained for cables with different lengths of 102 m 
and in a frequency band to 100 MHz, SYKFY 4x2x0.5 
(manufacturer: Prakab, s. r. o.) in Fig. 8 and F-02YHQ2Y 
4x2x0.6 (manufacturer: Prakab, s. r. o.) in Fig. 9. The 
values of derived KNORM constants for all cables are listed 
in (5). 
 
Fig. 4. The comparison between measured results and the ad-
vanced FEXT model for the length of a cable 259.5 m. 
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Fig. 5. The comparison between measured results and the ad-
vanced FEXT model for the length of a cable 171.5 m. 
 
Fig. 6. The comparison between measured results and the ad-
vanced FEXT model for the length of a cable 87.5 m. 
 
Fig. 7. FEXT models and measured characteristic for 
PEPKFH cable. 
5. Conclusion 
A new method was proposed and designed for simu-
lating and modeling of FEXT transmission functions in real 
metallic cables. This new model provides above all more 
accurate and realistic results of FEXT characteristics than 
a standard FEXT model (1) and ITU-T model (2). Al-
though the model was derived from measurements per-
formed for UTP cable, it could be used for any metallic 
cable with symmetrical pairs or quads with some minor 
revisions of proposed constants in formula (5). The results 
of the model were verified for various metallic cables with 
symmetrical pairs or quads, such as PEPKFH, SYKFY and 
F-02YHQ2Y cables. This new accurate model could serve 
for realistic simulations and calculations of FEXT and to 
prepare accurate results for the implementation of VDMT 
modulation into VDSL2 digital lines or simulations of 
FEXT in EFM networks. 
 
Fig. 8. FEXT models and measured characteristic for SYKFY 
cable. 
 
Fig. 9. FEXT models and measured characteristic for F-
02YHQ2Y cable. 
Acknowledgements 
This work was supported by the Grant Agency of the 
Czech Technical University in Prague, grant No. SGS 
10/275/OHK3/3T/13, and also by the grant MSM 
6840770014. 
References 
[1] VODRAZKA, J., HUBENY, T. Wired core network for local and 
premises wireless networks. In Personal Wireless Communica-
tions. New York, Springer, 2007, p. 332-340. ISBN 978-0-387-
74158-1. 
[2] STARR, T., CIOFFI, J. M., SILVERMAN, P. J. Understanding 
Digital Subscriber Line Technology. The Book. Prentice Hall PTR, 
Upper Saddle River, USA, Jan. 1999. ISBN 0-13-780545-4. 
[3] VODRAZKA, J. Multi-carrier modulation and MIMO principle 
application on subscriber lines. Radioengineering, 2007, vol. 16, 
no. 4, December 2007, p. 33-37. ISSN 1210-2512. 
[4] CENDRILLON, R., GINIS, G., MOONEN, M., ACKER, K. Par-
tial crosstalk precompensation in downstream VDSL. Elsevier 
Signal Processing, Special Issue on Signal Processing in Commu-
nications, vol. 84, no. 11, Nov. 2004, p. 2005-2019. 
[5] CHEN, W. Y. DSL: Simulation Techniques and Standards 
Development for Digital Subscriber Line System. Indianopolis: 
Macmillan Technology Series, 1998. ISBN 1-57870-017-5. 
372 P. LAFATA, INVESTIGATION OF ACCURATE FAR-END CROSSTALK MODELING IN METALLIC CABLES 
[6] LAFATA, P., VODRAZKA, J. Modeling of transmission 
functions and crosstalk in metallic cables for implementation of 
MIMO concept. Radioengineering. 2009, vol. 18, no. 4, p. 491-
496. ISSN 1210-2512. 
[7] RAUSCHMAYER, D. J. ADSL/VDSL Principles: A Practice and 
Precise Study of Asymmetric Digital Subscriber Lines and Very 
High Speed Digital Subscriber Lines. Macmillan Technology 
Series, Indianapolis, USA, 1999, p. 23-63. ISBN 1-57870-015-9. 
[8] International Telecommunication Union G.993.5 – Self-FEXT 
cancellation (vectoring) for use with VDSL2 transceivers. ITU-T 
Recommendation, Series G: Transmission Systems and Media, 
Digital Systems and Networks. April 2010. 
[9] HUGHES, H. Telecommunications Cables: Design, Manufacture 
and Installation. Chichester: John Wiley&Sons Ltd., June 1997. 
ISBN 0-471-97410-2. 
About Author ... 
Pavel LAFATA was born in České Budějovice, Czech 
Republic in 1982. He received his Master (Ing.) degree in 
2007 and doctor (Ph.D.) degree in 2011 at the Faculty of 
Electrical Engineering, Czech Technical University in 
Prague, specializing in Telecommunication Engineering. 
Currently he works as an assistant professor and junior 
research assistant at the Department of Telecommunication 
Engineering of the CTU in Prague. He is a member of the 
Transmission Media and Systems scientific group at the 
Department. His research activities are focused mainly on 
problems of disturbance and crosstalk in metallic cables for 
digital subscriber lines and optical access networks.
 
